Background and aims: Chemokine receptors are key determinants of leucocyte trafficking. While the chemokine receptor CCR9 and its chemokine ligand CCL25 (TECK) mediate lymphocyte homing to the healthy small intestine, the chemokine receptors important for recruitment during intestinal inflammation are undefined. Animal studies have suggested potential roles for CCR2 and CCR5 in inflammatory bowel disease (IBD). The aim of this study was to understand the role of CCR2 in human IBD. Methods: Resections of ileum or colon were obtained from patients undergoing surgery for small bowel Crohn's disease (SBCD; n = 10), Crohn's colitis (n = 5), ulcerative colitis (n = 6), and non-IBD related conditions (control ileum n = 11; control colon n = 11). Expression of CCR2 by lamina propria lymphocytes (LPLs) was determined by both flow cytometry and immunohistochemistry. As a functional correlate, chemotaxis assays using the CCR2 ligand, CCL2 (MCP-1), were performed. Expression of CCR2 by peripheral blood lymphocytes was determined by flow cytometry. Results: There were greater than 30-fold more CCR2 + LPLs in SBCD than in control ileum (29.3% (19.9-55.1) v 0.9% (0.4-11.5); p = 0.0007). Specifically, CCR2 + CD4 + LPLs were increased (p = 0.002) whereas CCR2 + CD8 + LPLs were not. Increased expression included both memory (CD45RO + ; p = 0.005) and naïve (CD45RO 2 ; p = 0.01) CCR2 + populations. The increase in CCR2 + LPLs in SBCD was confirmed by both immunohistochemistry (p = 0.0002) and enhanced chemotactic responses to CCL2. CCR2 expression was not increased in the peripheral blood of patients with SBCD, suggesting ongoing recruitment of the CCR2 + population to the ileum. In contrast with SBCD, there was no significant increase in CCR2 + LPLs in Crohn's colitis or ulcerative colitis samples. Conclusions: The chemokine receptor CCR2 appears to be an important contributor to accumulation of CD4 + T lymphocytes in the ileum in small bowel Crohn's disease. Blockade of CCR2 may provide a novel therapeutic alternative. C hemokines are a family of small (8-14 kDa) structurally related heparin binding proteins which, through chemoattraction and activation of leucocytes, are important in both homing of leucocytes under physiological conditions and in recruitment of leucocytes to sites of inflammation. 1 2 These proteins play an important role in the pathogenesis of several diseases, such as human immunodeficiency virus, 3 rheumatoid arthritis, 4 and multiple sclerosis. 5 6 Chemokines mediate their actions through seven transmembrane spanning G protein coupled receptors on the surface of target cells. Once activated by the chemokine ligand, target cells migrate along a soluble concentration gradient in the circulation (chemotaxis) or along a glycosaminoglycan bound gradient in tissues (haptotaxis).
Chemokines and chemokine receptors important for maintenance of the mucosal immune system of the gastrointestinal tract and in gastrointestinal inflammation continue to be defined. The most widely explored is the chemokine CCL25 (TECK) and its associated receptor CCR9, with mounting evidence suggesting a role for this receptor/ligand pair in homing to the small intestine. [7] [8] [9] [10] [11] [12] [13] [14] In gastrointestinal inflammation, and specifically in inflammatory bowel disease (IBD) however, the critical chemokines and receptors which regulate leucocyte traffic are not clear. In human small bowel Crohn's disease (SBCD), expression of CCR9 by lamina propria lymphocytes is reduced and expression of CCL25 is altered in distribution rather than upregulated. 10 Specifically, in normal small bowel, CCL25 is expressed by both crypt epithelial cells and small intestinal endothelial cells 11 12 whereas in SBCD, CCL25 is not expressed by small bowel endothelial cells and is expressed in a patchy distribution by the intestinal crypts. 10 Chemokines documented to have increased expression in human IBD (CD, ulcerative colitis (UC), or both) include CXCL8 (IL-8), [15] [16] [17] [18] CCL5 (RANTES), 19 20 CCL3 (MIP-1a), 15 20 CCL4 (MIP-1b), 15 20 CXCL10 (IP-10), 18 20 CCL2 (MCP-1), 15 18 19 21 22 CCL8 (MCP-2), 15 and CCL7 (MCP-3). 15 18 23 Little work however has been done on the corresponding chemokine receptors and their potential involvement in IBD. [24] [25] [26] Given the importance of pathogenic lymphocyte recruitment to the intestine in IBD, chemokine receptors uniquely involved in this process offer significant potential as novel therapeutic targets.
The aim of this study was to define the potential role of a putative inflammatory chemokine receptor, CCR2, in human IBD. Using the techniques of flow cytometry and immunohistochemistry, the pattern of expression of CCR2 by lamina propria lymphocytes (LPLs) was examined in human SBCD, Crohn's colitis, and UC, and compared with control ileum and colon. The likely functional significance of the expression patterns was verified using in vitro chemotaxis assays with the CCR2 ligand CCL2. This is the first study to document a significant increase in expression of CCR2 by LPLs in human SBCD.
METHODS

Subjects
All subjects with IBD included in this study had undergone surgery for treatment of IBD. Involved intestine, either terminal ileum (SBCD) or colon (UC or Crohn's colitis), was collected at the time of surgery. Control ileum and colon samples were obtained from patients undergoing surgery for non-IBD related conditions, primarily colorectal carcinoma. The segment of intestine used for analysis was greater than 5 cm from the site of the carcinoma. Peripheral blood was collected from all subjects. Clinical data for each subject were recorded, including: sex, age, IBD history, and recent medication. All patients gave written informed consent to participate in the study. The study was approved by the relevant institutional human research ethics committees.
Intestinal mucosal disaggregation and isolation of lamina propria mononuclear cells (LPMCs) and peripheral blood mononuclear cells
Enzymatic disaggregation of intestinal mucosa and isolation of LPMCs were performed as previously described. 27 In brief, the mucosa was stripped from the muscularis mucosae and washed several times at 37˚C in calcium and magnesium free Hanks Peripheral blood mononuclear cells were isolated using density gradient centrifugation (Nycomed Pharm).
Flow cytometry
To reduce non-specific staining, cells were initially incubated for 15 minutes at room temperature with human serum (pooled from normal donors) and mouse serum. Cells were subsequently stained using monoclonal antibodies directed against CCR2 (R&D Systems, Minneapolis, USA), CD4, CD8, CD19 (Dako, Glostrup, Denmark), CD45RO, and b7 integrin (Pharmingen, Becton Dickinson, Singapore) as well as their corresponding isotype control antibodies (Dako).
All antibodies were directly conjugated, apart from anti-b7 integrin antibody. Antibody staining was performed in the dark, on ice, and for 20 minute incubation periods. After staining, red blood cells were lysed with FACS lysing solution (Becton Dickinson, San Jose, California, USA). Cells were then washed twice in phosphate buffered saline/0.01% azide/ 2% bovine serum albumin and fixed with 1% paraformaldehyde (BDH). For b7 integrin staining, cells were washed twice with phosphate buffered saline/0.01% azide/2% bovine serum albumin between primary and secondary antibody staining steps (rabbit anti-rat Ig-FITC) (Dako) and before addition of other antibodies (CD4, CCR2). Data were acquired using a FACScan flow cytometer (Becton Dickinson) and analysed using CellQuest (Becton Dickinson).
Chemotaxis assay
Chemotaxis assays were performed as previously described. 28 Chemotaxis was assessed in 48 well microchemotaxis chambers (Neuroprobe, Gaithersburg, Maryland, USA) using fibronectin coated (Sigma) polyvinylpyrrolidone free 5 mm pore size membranes (Poretics Products, Livermore, California, USA). Migration in response to recombinant human CCL2 or CXCL12 proteins (R&D Systems) was allowed to continue for three hours at 37˚C in 5% CO 2 . The membrane was then removed and the upper surface washed with distilled water, scraped, fixed, and stained with haematoxylin and Scott's blue. Results were expressed using a chemotaxis index (mean number of cells per high power field for chemoattractant dilution/mean number of cells per high power field for medium).
Immunohistochemistry
A section of the intestinal segment retrieved at surgery was used for immunohistochemistry. The tissue was fixed in 10% formalin for 48 hours and then embedded in paraffin. Sections (4 mm) were cut and placed on silane coated glass slides. Antigen retrieval was carried out by heating the slides in a solution of Tris base, EDTA, and trisodium citrate for 15 minutes in a 750W microwave. Endogenous peroxidase activity was blocked by treating the slides with 3% hydrogen peroxide for 10 minutes. Non-specific staining was reduced by incubation with 20% non-immune goat serum (Vector Laboratories, California, USA) for 40 minutes. Slides were incubated at 37˚C for 60 minutes with the primary antibody monoclonal (IgG 2B ) mouse antihuman-CCR2 (R&D Systems) at a final concentration of 20 mg/ml. Non-immune mouse monoclonal IgG 2B (Dako) was used as a negative control antibody. After three washes in 0.0075% brij (Sigma), slides were incubated for 30 minutes at room temperature with a biotinylated goat antimouse antibody (Vector Laboratories) followed by treatment with streptavidin conjugated horseradish peroxidase (Vector Laboratories) for 60 minutes. Slides were stained with 3,39-diaminobenzidine tetrahydrochloride (Sigma) for four minutes, washed in double distilled H 2 O, counterstained with Meyer's haematoxylin (Dako) and Scott's blue, dehydrated, and coverslipped. The percentage of CCR2 positive cells was determined by counting the number of positive mononuclear cells and the total number of nuclei in 10 random fields of lamina propria per slide. Cells were counted under 61000 magnification (with oil immersion).
Histological grading of ileal tissue All SBCD and control ileal samples were graded histologically so that immunohistochemistry findings could be correlated with disease severity. The histological grading system was adapted a priori for this study from that of D'Haens et al (table 1) . 29 An additional category of inflammatory infiltrate in the muscularis propria was included to allow a more comprehensive assessment of the degree of transmural inflammation, while the categories of epithelial damage and erosions/ulcers were combined because of the overlap between these two features. Similarly, the category of architectural changes was omitted to avoid redundancy as the greater the degree of inflammatory infiltrate and epithelial damage the greater the architectural changes. Granulomas were regarded as a diagnostic marker of CD rather than an indicator of disease severity and so were also excluded.
Each sample was graded histologically by two independent observers, masked to the clinical details and experimental results. Where different scores were allocated, the mean of the two was used.
Statistical analysis
Non-parametric statistical analysis of the results was carried out using the Mann-Whitney U test in Graph Pad Prism for Windows (version 3.0). All data are expressed as median and interquartile ranges (25th percentile-75th percentile). Statistical correlations and inter-rater variability (for example, for histological grading) were analysed by Spearman's correlation coefficient using SPSS for Windows (version 10.0.5).
RESULTS
Terminal ileum was retrieved from 10 patients with ileal CD and from 11 control subjects having undergone a right hemicolectomy for carcinoma of the ascending colon. Colons from six patients with UC, five with Crohn's colitis, and 11 control colons were available. One patient with UC had active disease but underwent a proctocolectomy due to the discovery of a synchronous descending colon carcinoma while the others had surgery for failed medical therapy alone. Nine of the 10 subjects with SBCD were female whereas in the control ileum group males predominated (seven of 11 subjects). In subjects with Crohn's colitis, females also predominated (four of five subjects). In the UC group, there were equal numbers of each sex; similarly in the controls (six of 11 were male). Both UC and CD patients were significantly younger than the control groups: 70 years (63.5-75) in the control colon subjects versus 45 years (31.5-57) in UC patients (p = 0.001), and 30 years (21-52) in Crohn's colitis patients (p = 0.002); 73 years (63-78) in the control ileum group versus 31 years (23-37) in SBCD patients (p = 0.0003).
Histological grading of inflammation
From a maximum possible score of 10, the median histological score for the SBCD samples was 8 (3.8-10). There was a high degree of correlation between the scores from the two observers (r = 0.947; p,0.01). All control samples had a histological score of 0.
Flow cytometry
In SBCD (n = 9), significantly more of the total LPL population expressed CCR2 than in control ileum (n = 7) (29.3% in SBCD (19.9-55.1) compared with 0.9% in control ileum (0.4-11.5); p = 0.0007) (fig 1) . The expanded CCR2 + lymphocyte population was predominantly CD4 + rather than CD8 + lymphocytes. CCR2 + CD4 + lymphocytes were significantly increased in SBCD (21.8% (5.7-24.7) v 0.4% (0.3-7.7) in control ileum; p = 0.002) whereas CCR2 + CD8 + lymphocytes were not increased (6.6% (1.0-15.5) in SBCD v 2.5% (0.2-43.6) in control ileum; NS) ( fig 2) . As shown in previous studies, 24 30 there was no significant difference in the total CD4 + population between the two groups (48.3% (34.5-51.8) in SBCD compared with 36.5% (34.3-44.4) in control samples; NS). CCR2 + CD19 + populations were also not significantly different between cases and control subjects. Both memory CCR2 + CD45RO + lymphocytes and naïve CCR2 + CD45RO 2 lymphocyte populations were significantly expanded in SBCD compared with control ileum (fig 3) . In CD, 23.5% (7.6-28.4) of total LPLs were CCR2 + CD45RO + while in control ileum the percentage was 0.5% (0.3-13.3) (p = 0.005). In SBCD, 5.0% of LPLs were CCR2 + CD45RO 2 (1.3-18.8) while in control ileum 0.3% were CCR2 + CD45RO 2 (0.1-2.1) (p = 0.01). Similarly, CCR2 + CD4 + CD45RO + and CCR2 + CD4 + CD45RO 2 populations were increased in SBCD (fig 4) . In CD patients, 16.8% of LPLs were CCR2 + CD4 + CD45RO + (5.3-21.4) while in control ileum 0.3% were CCR2 + CD4 + CD45RO + (0.2-7.5; p = 0.002). Of the LPLs in SBCD, 0.9% (0.4-2.3) were CCR2 + CD4 + CD45RO 2 while in the control ileum 0.02% (0-0.3) were CCR2 + CD4 + CD45RO 2 (p = 0.0007).
There was no significant difference between total b 7 integrin expression on LPLs in SBCD (41.3% (31.1-48.9)) compared with control ileum (46.1% (33.6-71.2); NS). Our data (n = 4) also suggested that CCR2 + b 7 integrin + lymphocytes were not significantly increased in SBCD compared with control ileum. In peripheral blood, there was no significant increase in CCR2 + lymphocytes in SBCD compared with control subjects (12.9% (1.5-17.3 ) v 2.5% (1.1-28.8), respectively) suggesting the increase in CCR2 + lymphocytes in SBCD is localised to the ileum rather than a generalised phenomenon of SBCD.
In contrast with ileal CD, in colonic CD (n = 5) CCR2 + LPLs were not significantly increased above levels seen in control colons (n = 9) (8.5% (4.0-11.4) in Crohn's colitis compared with 11.4% (6.4-27.3) in control colon; NS).
In UC (n = 6) there was no significant difference in expression of CCR2 by LPLs compared with control colon (n = 9) (9.3% (0-21.6) in UC v 11.4% (6.4-27.3) in control colon; NS). There were also no significant differences in the CCR2 + CD4 + populations between the two groups (6.6% (0.5-11.5) in UC compared with 8.0% (4.4-18.3) in control colons; NS).
Immunohistochemistry
The findings on immunohistochemistry corroborated the flow cytometry results (figs 5, 6). In SBCD (n = 9) there were significantly more CCR2 + lymphocytes in the lamina propria (44% (40.4-48. 2) than in control ileum (n = 7) (31.7% (28.5-34.0); p = 0.0002). There was no significant difference between UC (n = 6) and control colons (n = 10) (53.0% (39.2-59.6) and 47.6% (39.2-55.3), respectively; NS).
While there was a significant difference in the percentage of CCR2 + lymphocytes between the SBCD and control group, a statistical correlation between the level of CCR2 expression and histological disease severity in the SBCD samples was not seen. There was however a trend towards such a correlation (r = 0.604; p = 0.085).
Chemotaxis assays
As shown in fig 7A, there was greater chemotaxis in response to the CCR2 ligand, CCL2, by LPMCs from CD ileum than from control ileum. The CXCR3 ligand, CXCL10, was used as a positive control as expression of CXCR3 was not significantly different between the two groups (93.4% (86.1-97.8) in control ileum v 96.2% (92.7-98.6) in SBCD; NS). Chemotaxis to CXCL10 was similar in CD and control ileum ( fig 7B) .
DISCUSSION
This study has demonstrated for the first time a significant increase in the percentage of CCR2 + LPLs in SBCD. CCR2 + lymphocytes were predominantly CD4 + T cells rather than CD8 + T cells or CD19 + cells (B cells) and included both memory and naïve phenotypes (CD45RO + and RO 2 , respectively). The increase in CCR2 + lymphocytes was specific for ileal CD: there was no increase in colonic CD or in UC, and the changes did not reflect a generalised phenomenon of increased circulating CCR2 + T lymphocytes in subjects with SBCD. The functional significance of these findings was confirmed by the demonstration of increased chemotaxis of LPMCs in response to CCL2 in SBCD samples.
The findings in control ileal tissue in this study did not confirm the previously reported level of expression of CCR2 by LPLs in normal small bowel. 31 The median percentage of CCR2 + LPLs in control ileum in the study reported here was 0.9%, which was lower than that found by Agace et al (20%). 31 Possible reasons for this difference include different tissues of origin of the LPLs (jejunum versus terminal ileum) and different subject groups (morbidly obese versus colorectal carcinoma). Enzymatic disaggregation used to isolate LPLs is unlikely to be the cause: the same disaggregation process was tested on peripheral blood lymphocytes and no effect on CCR2 expression was seen (data not shown).
The increase in CCR2 + lymphocytes in SBCD is likely to be the result of increased recruitment of these cells into the ileum in CD, rather than upregulation of CCR2 on lymphocytes in situ or proliferation of CCR2 positive lymphocytes. Upregulated expression of ligands for CCR2, namely CCL2, CCL7, and CCL8, which have each been documented to be increased in human CD, 15 19 21-23 would favour preferential recruitment of CCR2 + lymphocytes into the tissue. Two mouse models of Crohn's colitis, IL-10 2/2 mice and Rag-2 2/2 mice reconstituted with CD4 + CD45RB high T cells, also documented increases in CCL2. 25 The caveats regarding such mouse models as accurate representations of human disease also hold. 32 With respect to in situ upregulation of CCR2, the increase in CCR2 ligands documented in CD may in fact potentiate receptor downregulation rather than the converse. 33 When lymphocytes are stimulated with anti-CD3 antibody, no upregulation of CCR2 occurs, suggesting that lymphocyte activation, which is a feature of CD, is not likely to result in CCR2 upregulation. 34 CCR2 is unlikely to be the sole factor determining LPL recruitment in SBCD. The majority of LPLs did not express CCR2. It is likely that in addition to CCR2, expression of additional chemokine receptors is required for recruitment and fine positioning of T lymphocytes within the lamina propria of the ileum in SBCD. Definition of these additional molecules is a potential area for future research.
CD4 + T lymphocytes are thought to play a critical role in the pathogenesis of IBD. Although the proportions of CD4 + T cells in IBD and control mucosa do not differ, 30 CD4 + cells in IBD show an increased level of activation. 35 Of particular note is the effect of HIV infection which results in complete remission of CD, presumably attributable to the associated CD4 + T cell depletion. 36 In the present study, CCR2 + lymphocytes were predominantly CD4 + in phenotype. This supports the potential importance of CCR2 in the pathogenesis of SBCD and the possibility that blockade of CCR2 may be of therapeutic benefit. The data presented here suggest that the b 7 integrin is not an additional determinant for LPL recruitment in SBCD as no significant difference in the percentage of b 7 integrin positive LPLs in SBCD was detected when compared with control samples, and initial findings would suggest that there is also no difference in dual positive CCR2 + b 7 integrin + LPLs between the two groups. Although b 7 integrin heterodimers, comprising a 4 b 7 and a E b 7 , play a major role in the homing of T lymphocytes to the normal gastrointestinal tract, 37 38 in human Crohn's colitis, b 7 integrin expression in LPLs was significantly reduced. 39 40 Apart from this work, there have been no previous published data on b 7 integrin expression in SBCD. It appears likely that b 7 integrin is critical for homing of LPLs to the normal ileum but not in recruitment of lymphocytes in human SBCD.
While CCR2 was significantly increased in SBCD, there was no significant increase in CCR2 + LPLs in UC compared with control colon. Current dogma suggests that CD is likely to be a Th1 mediated disease, consistent with the prominent granulomatous inflammation, 41 whereas in UC a Th2 immune response is thought to predominate, although data on polarisation of the immune response in UC are not as strong as for CD. 42 Data on whether CCR2 is best categorised as a Th1 or Th2 associated receptor are conflicting. The weight of evidence suggests that CCR2 expression is more closely associated with Th1 responses [43] [44] [45] but there are also strong data supporting CCL2 and CCR2 being involved in Th2 inflammation 46 47 and other data showing equal expression of CCR2 on both Th1 and Th2 cells. 48 Mutations of the recently identified NOD2/CARD15 gene are associated with ileal CD. 49 50 It is not known if there is an association between the NOD2/CARD15 mutation and increased CCR2 or CCL2 expression. Such a study would require prohibitively large numbers as the NOD2 mutation is uncommon, with only 6.5% of all Crohn's patients being homozygous for this allele. 51 Chemokine receptors are an essential component of the multistep adhesion cascade. By understanding the combinations of chemokine receptors and adhesion molecules responsible for recruitment of leucocytes in each of the different CD phenotypes, highly targeted biological therapies might be developed. This study suggests that CCR2 is one of the determinants for lymphocyte accumulation and recruitment in SBCD. Thus CCR2 may be a novel and effective therapeutic target.
